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Abstract 
In this study, a failed planetary bearing from a wind turbine gearbox was destructively 
examined to investigate the initiation of micro-cracks and butterflies at non-metallic 
inclusions, and the effect of debonding between these inclusions and the steel matrix. The 
butterflies were scanned using Atomic Force Microscopy (AFM) to show the topography 
that could not be assessed by using other microscopy techniques. Nano-indentation was 
conducted across a butterfly wing and a non-metallic inclusion to measure the hardness at 
the interface with the steel matrix. It was found that the White Etching Areas (WEA) in the 
region of the butterfly wing was a damaged material that showed tearing at the debonding 
gap between the inclusion and steel matrix. This study highlighted the effect of debonding 
on the initiation of micro-cracks, WEA and inclusion cracking. A direct relationship was 
found between the size of inclusions and the total length of inclusions and micro-cracks or 
butterfly wings. The depth of the observed sub-surface damage was correlated with the 
sub-surface stress distribution and these results suggested that surface traction could be an 
important contributing factor to the subsurface damage initiation. 
 
Keywords: white etching cracks; white etching areas; non-metallic inclusions; rolling contact 
fatigue; surface traction. 
 
1 Introduction 
The premature failure of Wind Turbine Gearbox (WTG) bearings has been reported to be 
mainly resulted from White Etching Cracks (WECs) and research currently continues to 
uncover their root causes. The White Etching Areas (WEAs) initiated from non-metallic 
ŝŶĐůƵƐŝŽŶƐĂŶĚĨŽƌŵĂƚŝŽŶŽĨ ‘ďƵƚƚĞƌĨůǇǁŝŶŐƐ ?ǁĞƌĞƌƉŽƌƚĞĚƚŽďĞƌĞůĂƚĞĚƚŽƚŚĞtƐ ?The 
most common mode of premature failure is due to WECs which cause pieces of material to 
flake away from the surface (White Structure Flacking (WSF)) [1][2][3]. The damage may be 
initiated from the surface or sub-surface in bearing raceways [3][4][5]. The surface initiation 
hypothesis suggests that cracks could be caused by surface flaws and worsened by loading 
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conditions [3][6][7][8]. On the other hand, material defects such as non-metallic inclusions 
located in the sub-surface could serve as damage initiators [9][10][11]. Other damage 
initiation hypotheses have been proposed, including the effect of hydrogen, plastic 
deformation, and unconsidered loadings such as impact load causing lubrication film to 
breakdown [12][13][14][15][16]. In addition, a recent study highlighted the combined effect 
of material defects of non-metallic inclusions and tensile stress due to bearing seat waviness 
on the subsurface initiation of axial cracking and WECs formation [17].  However, a clear 
explanation of damage initiation, such as WECs surrounded by WEAs, and their root causes, 
i.e. abnormal loads during transient operation events, has not been established.  
The WEA can be seen using optical microscopy after etching with nital (~ 2% nitric acid in 
ethanol) or picral [2][13][14]. The microstructure changes shown in premature bearing 
failure due to WSF are not uniform in shape or distribution which is why they are named as 
irregular White Etching Areas (irWEA) [12][18]. The microstructure of a WEA is nano-
recrystallized, carbide-free ferrite grains in size ranging from 10 to 100 nm, supersaturated 
with carbon [19][20]. A number of factors have been reported to affect the initiation of 
WEC/WEA, such as the influence of non-metallic inclusions [11][19][21][22], the amount of 
retained austenite [5], the type of lubricant used in the operation and consequently the 
amount of hydrogen generated [6][23] as well as the level of Hertzian contact stress 
induced by loading [10][22]. When the WEAs form around an inclusion or a void, the 
microscopy observation in two dimensions shows butterfly wings being decorated with the 
WEAs. The sub-surface micro-structure changes in WEAs are thought to be related to the 
WECs, initiated by micro-cracks associated with the butterflies, which then propagate to the 
surface to cause WSF [11][17][19]. 
Previous work was conducted through destructive investigations of a failed sub-megawatt 
WT gearbox planetary bearing in which Manganese Sulphide (MnS) inclusions were 
identified as the main cause of sub-surface damage initiation [11]. This current study 
focusses on sub-surface damage initiation from non-perfectly bonded inclusions to the steel 
matrix to investigate the effect of surface traction on the initiation of sub-surface damage 
caused by these inclusions. The characteristics of the damaged inclusions and micro-cracks 
are analysed and correlated with the levels of sub-surface stresses. Atomic Force 
Microscopy (AFM) analysis is utilised in order to characterize the debonding separating the 
MnS inclusion from the steel matrix and the butterfly wings around the inclusion. More than 
150 inclusions were analyses and relationships between the characteristics of the 
subsurface initiated damage and the initiating inclusions were found.  
  
2 Examination procedure 
The bearing under investigation was a single row Cylindrical Roller Bearing (CRB) used in the 
planetary gears of a three-stage wind turbine (WT) gearbox. This through hardened bearing 
was used in an on-shore WT with a 600 kW power rating. The bearing was in service for five 
years before out of service after a site inspection which found abnormal noise during 
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operation. The visual inspection showed extreme surface damage on the inner raceway 
compared to the outer raceway. The damaged area was in the loaded-zone where a 
unidirectional load was applied in the planetary bearing, as shown in Figure 1.  
 
Fig 1: Illustration of WT planetary gear stage showing the unidirectional load and the loaded zone 
on the inner raceway of the planetary bearings  
The dimensions of the examined inner raceway were 65mm in inner radius, 47 mm in 
raceway width, and 12.5 mm in thickness. Only half of the inner raceway of the failed 
bearing was available for examination in this study, and the results obtained refer only to 
this half of this bearing, while the other half was used for another study [11]. Three regions 
of damage can be identified on the surface of the bearing, as shown in Figure 2. The first 
region consisted of big spalls, bigger than 3 mm as the maximum dimension, spreading on 
the downwind side of the raceway. The width of this region was about 20 mm. At the 
entrance to the loaded zone, less spalling damage was observed with the largest spalls in 
this region located on the flange side. The red dotted line in Figure 2 shows the wear trace 
line which was not parallel to the axial axis of the raceway. This could be due to skewing of 
the rollers when entering to the loaded zone. Outside these two regions, no visual damage 
was observed however an optical microscopic examination of the surface showed some 
micro-indents.  
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Fig 2: Inner raceway of the examined failed bearing 
The inner raceway was destructively investigated by cutting and preparing samples in the 
axial and circumferential directions for microscopic examination. Various sections at 
different locations of the bearing inner raceway were cut to include the severely damaged 
surface, the slightly damaged surface and the visually non-damaged surface. After grinding 
and polishing, the samples were etched with 2% nital to reveal the microstructure changes 
of WEA in butterflies and WECs. The examination of the sub-surface using optical 
microscopy and Scanning Electron Microscopy (SEM) covered more than 1 mm depth from 
the surface. Further characterization of the debonding of the inclusions from the steel 
matrix and the chemical elements of the inclusions were also carried out using Energy 
Dispersive X-ray spectroscopy (EDX).  
To obtain detailed mapping images of some of the butterflies, Atomic Force Microscopy 
(AFM) was used to provide measurements of the topography of the surface of the WEA at 
the nano-scale. In addition, AFM was utilized to clearly show the separation of the 
debonded MnS inclusions from the steel matrix. The images obtained helped in 
characterising the gaps attached to the MnS inclusions and the WEAs. The AFM revealed 
more details on the deformations in the WEA as shown in Figure 3 that could not be 
revealed by the optical microscope or the SEM, which are limited by two dimensional 
images.  
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Fig 3: Illustration of the difference between images of the same feature taken by different 
microscopic techniques (a) optical microscopic (b) SEM (c) AFM 
Micro and Nano-indentation were used to measure the hardness of the bearing steel, 
inclusions and microstructure alteration of WEA (butterflies), and to correlate the 
measurements with the damage initiation. To identify the depth of maximum hardness 
under the surface, the variation in hardness under the surface was measured using a Struers 
Micro/Macro Hardness tester (DuraScan). The Vickers hardness test was conducted with a 
load of 0.3 kgf and a holding time of 15 seconds. The adopted pattern of indentation was a 
vertical matrix of 6×3 indents with the first row positioned at 70 µm from the contact 
surface, and the distance between the centre of the indents in the horizontal and vertical 
direction was 100 µm. Then, the mean value and the standard deviation were calculated for 
indents at the same depth. To measure the hardness of a MnS inclusion and a butterfly 
wing, a Nano-indentation was conducted. This measurement also helped to identify the 
hardness of the interface region between a butterfly wing and the steel matrix. The test was 
carried out with a single loading-unloading step for each indent using a Hysitron Triboscope 
Nano-mechanical test system attached to a Bruker Dimension 3100 AFM. The pattern of 
indentation is presented with the measurements in Section 4.3. 
 
3 Characterization of Inclusions and Damage  
This study aimed to identify the initiation of damage that eventually caused the premature 
failure in the bearing. Initiation was defined as the appearance of a discontinuity in the 
material (steel matrix or inclusions) in the form of cracks of few microns to a few millimetres 
in length, or micro-structure alterations in the form of WEAs.  The definitions of all the types 
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of damage observed during the examination of the failed bearing are presented in Table 1. It 
should be noted that more than one type of damage could be observed at the same time 
such as debonding and cracked inclusions.  Figure 4 shows examples of different types of 
damage defined in Table 1. A database of the damage was created by recording the length, 
angle and depth for cracks, inclusions and WEA in the axial and circumferential sections. 
Figure 5 depicts the procedure adopted to measure the angle of inclusion and the butterfly 
wings. This figure shows the right and left wings of the butterfly, which are defined 
relatively to the Over Rolling Direction (ORD). The same definition for the angle was applied 
to the right and left cracks initiated from an inclusion. The length of the inclusion 
represented the distance between the two pointed tips, or the radius for globular 
inclusions, and the width was the maximum dimension normal to the length. The depth was 
measured from the surface to the centre of the inclusion.  
Table 1: Definitions of the damage observed and investigated 
Damage Type Definition 
Inclusions initiated 
damage 
Inclusion cracked or debonded from the steel matrix by a gap or non-perfect 
bonding; inclusion initiated cracks into the matrix or inclusion formed WEA; 
or inclusion linked to any surface or subsurface initiated crack or WEC. 
Debonded 
inclusion  
Inclusion not perfectly bonded with the steel matrix, a line of debonding can 
be seen in the interface, or a gap separating part of the inclusion from the 
steel matrix. 
Cracked inclusion Inclusion that has one or more micro-cracks across itself which may or may 
not extend to the steel matrix. 
Micro-crack 
initiated by 
inclusions 
Crack initiated from an inclusion, which could be debonded, and propagating 
into the steel matrix. It may or may not attach to WEA (butterfly wing). 
WEA A microstructure change which appears white under optical microscopy and 
shows dissolution of the spherical carbide which are normally observed in 
the martensitic bearing steel. The WEA could be observed around an 
inclusion or a void to form a butterfly or along a crack to form WEC. 
Butterflies Inclusion with one or two wing(s) of WEA, with or without micro-crack(s) in 
the WEA. The wings have specific inclination angles relative to the surface, or 
the Over Rolling Direction (ORD). 
WECs Single crack or network of cracks which is normally longer than the total 
length of a butterfly (inclusion + wing(s)) with WEA along the whole or part 
of the crack or network of cracks. The WECs could be connected to the 
surface of contact or completely under the surface with no specific 
inclination angle. The WECs could be linked to inclusion(s). 
 
7 
 
 
c  
Fig 4: Examples for the damage defined in Table 1 (a) Debonded inclusion (b) Cracked inclusion 
with micro-cracks (c) Butterfly with WEAs debonded from matrix  
 
Fig 5: Definition of the angles of inclusion and butterfly right and left wings 
 
4 Specifications of inclusions initiated damage 
The prepared samples were scanned for characterising the types of damage defined in 
Table1. The emphasis here was on identifying the sub-surface damage initiators, namely 
inclusions initiated damage. Four types of inclusions were logged and they are defined as: 
debonded inclusion, cracked inclusion, inclusion that initiated micro-cracks, and butterfly 
inclusion. The characteristics of these inclusions, and the associated micro-cracks or micro-
a      b 
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structure changes (WEA) were analysed. The most common inclusions found in this bearing 
were light grey elongated inclusions. Inclusions with these features are classified as Type A-
Sulfide which could be manganese sulphides [24] or aluminates embedded in manganese 
sulphide according to the standards ASTM-E45-13 and ISO-4967 [25]. Determining the exact 
components of these inclusions was performed using energy dispersive x-ray (EDX) which 
revealed the presence of Manganese (Mn) and Sulphur (S) as shown in Figure 6. 
 
4.1 AFM analysis of debonding and butterfly wings 
The dark tips of some of the inclusions, which could be mistaken for encapsulated oxide, 
were identified using AFM and SEM as shown in Figure 7, and they were found to be 
discontinuities between the inclusion and the steel matrix as debondings (gaps). The 
debondings may have been manufacturing defects and evidence of this has been reported 
in manufacturing studies ([26][27][28]). In this study, debondings were observed at different 
depths from the surface, greater than 1 mm as shown in the right image in Figure 7. 
Sometime these debonded inclusions were found far from the zone of high sub-surface 
stress, which was calculated using the Hertzian contact theory. Accordingly, these 
debondings were mostly material defects rather than results of loading in operation. These 
deep inclusions were not included in the database of the catalogued inclusions which was 
used to identify the characters of inclusions initiated damage. 
 
Fig 6: EDX analysis (spectrum 1) point identification of a MnS inclusion and (spectrum 2) area 
identification of a WEA and inclusion 
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Fig 7: (Left) AFM 3D image and (Right) SEM image of debonded inclusions at 1300 µm depth 
It was observed that WEAs in butterfly wings, were mostly attached to the debonding gaps 
at inclusion tips rather than the inclusions directly. This could be due to the higher stress 
concentration factor at debondings around the inclusion tips [29][30]. Debondings were 
found with different shapes around inclusions. To gain an insight on the size of the inclusion 
as well as examining the topography of the WEA, AFM analysis was conducted. The single 
wing butterfly shown in Figure 3 was examined using AFM. This butterfly was at 207 µm 
under the surface and it showed a MnS inclusion with a debonding gap at one of its tips, and 
a single butterfly wing was found to be attached to the debonding. After an AFM scan, the 
depth along two lines crossing the debonding was characterised as shown in Figure 8. The 
WEA was found to be lower than the steel matrix, and the discontinuity between the 
inclusion and the WEA was clearly shown by the relative depth. The maximum dimensions 
for this debonding were found to be 2.3 µm in depth, 9.6 µm in length and 3.3 µm in width. 
This analysis shows the extent of damage in the form of a material discontinuity starting 
from the debonding gap of the inclusion into the steel matrix in the form of WEA that has a 
degree of discontinuity and damaged material. The WEA is shown to be a microstructural 
change accompanied by damage to the material. 
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Fig 8: AFM analysis showing the debonding between a MnS inclusion and WEA (butterfly wing) 
 
The AFM imaging measurements also showed that the WEA was not a dense material, and it 
resembled a damaged material extending from the debonding at the inclusion tip. Figure 9 
shows three butterfly wings observed in the axial and circumferential sections with 3D AFM 
images for the WEAs. These images show clearly the features of the WEAs that are not 
available by 2D optical or SEM images. The borders of the WEA show a sudden transition 
from the dense steel matrix to the discontinuous material inside the WEA. This could be due 
to a local stress concentration that pulls or shears the edges of the WEA (i.e. the interface 
with the steel matrix). The hardness of the WEA was reported to be higher than the steel 
matrix [1], and this was confirmed in this investigation and results to be discussed in Section 
4.3. This could be an indication of material hardening after the bearing steel yield limit had 
been exceeded due to stress concentration around the debonding of inclusion.  
 
a                                           b 
c  d 
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Fig 9: (Left) Optical images of debonded MnS inclusions attached to WEA. The highlighted parts 
are the 3D AFM images to show the discontinuity of the WEA, and the debonding at the 
boundaries between the WEA and the steel matrix. The images in (a) to (d) are from axial sections; 
and (e) and (f) are from circumferential section with ORD from left to right 
a  b 
c  d 
e  f 
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4.2 Cracked inclusions and cracks initiated by inclusion  
Some of the observed micro-cracks and WEA (butterfly wings) were initiated by inclusions 
with internal cracking as shown in Figure 10 (a) and (b). It was more likely that the micro-
cracks started from the interface between the inclusion and the steel matrix, since no 
cracked inclusion was found where the internal crack does not interact with this interface. It 
was also observed that some micro-cracks propagated into the steel matrix or formed 
butterfly wings could initiate from the debonding between the inclusion and the steel 
matrix where the inclusions were not cracked themselves. An example of this was the non-
cracked inclusion with debonding which formed a butterfly as shown in Figure 9 (a). In other 
cases, micro-cracks into the steel matrix were initiated from inclusions tips without 
debonding or inclusion internal cracking as shown in Figure 10 (c) and (d). Accordingly, no 
specific order for the damage initiation can be confirmed in this study.  
 
Fig 10: Micro-cracks initiated by inclusions (a) and (b) cracked inclusions with cracks propagated 
into the steel matrix (c) and (d) Micro-cracks initiated from non-cracked inclusions 
 
In addition to the micro-cracks, one fully developed crack linking the surface with two 
butterflies was found as shown in Figure 11. In this figure, no inclusions could be found in 
the butterflies which may have been removed by the sample preparation process. Since no 
spalling damage was linked to the WEC, it appeared most likely that this crack propagated 
from the butterflies and it was not initiated from the surface. It also showed that cracks and 
WECs could initiate from the inclusions, or the interface between a WEA and the steel 
matrix. These cracks propagated in a vertical direction towards the surface or deeper down 
without following the extension direction of the butterfly wings and this suggested a 
different mechanism for the initiation and propagation.  
a    b 
c   d 
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Fig 11: WEC propagated almost vertically toward the surface and linked to two butterflies   
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4.3 Hardness of MnS inclusion, WEA and the interface 
The hardness of a MnS inclusion and a WEA in a butterfly was measured using Nano-
indentation. The measurement applied to both the inclusion and the WEA of the butterfly in 
Figure 9 (c) which located 63 µm from the surface. The pattern of indents used was a line of 
20 as shown in the AFM images in Figure 12. These arrays of indents across the MnS 
inclusion and the butterfly wing showed the indents as dark triangles above or below the 
numbers.  ƐƉĂĐŝŶŐ ŽĨ  ? ? ? ʅŵ ďĞƚǁĞĞŶ ŝŶĚĞŶƚƐ ĂŶĚ ůŽĂĚ ŽĨ  ? ? ? ʅE ǁĞƌĞ ƵƐĞĚ ŝŶ ƚŚĞ
measurements. These values of load and spacing were decided after testing the indent ?s 
size ?ǁŚŝĐŚǁĂƐĂƌŽƵŶĚ ? ? ?ʅŵ ? to ensure sufficient spacing between the indents and having 
sufficient number of indents across the inclusion and the WEA width. The spacing of around 
2.5 to 3 times of the size of the indents should eliminate the effect of localized plastic 
deformation at each indent on the adjacent indents [31]. It can be seen in Figure 12 that not 
all the indents had the same size, especially within the steel matrix and the WEA.  Some of 
the variation in the measurements was related to the multi-phase nature of steel on the 
nano-scale which was also true for the WEA [32]. 
 
Fig 12: Nano indents across (a) MnS inclusion and (b) butterfly wing in Figure 9 (c) 
The curve in Figure 13 shows the variation of hardness across the inclusion, and the WEA 
(butterfly wing) with the indent numbers referred to those in Figure 12. The results from the 
first and the sixth indents in the WEA-steel matrix curve, and the third and the fifteenth in 
the inclusion-steel matrix curve were excluded because they were clear outliers. As shown 
in Figure 13, at indents number 9 and 13, the lower hardness revealed the weak interface 
between the WEA and the steel matrix, which could justify the observed butterfly micro-
cracks at the edges of the butterfly wing. Also, the WEA was generally observed at one of 
the sides of the WECs however there was no general conclusion regarding which specific 
side.  
a  
b  
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Fig 13: Nano indentation hardness measurement across a MnS inclusion and a butterfly wing 
  
5 Statistical Analysis of Subsurface Damage 
The inclusions observed consisted of the inclusions initiated damage and inclusions not 
initiated damage and these were catalogued according to the definitions given in Table 1. 
The selection of inclusions not initiated damage was random but they were selected from 
locations close to the inclusions initiated damage. In total 153 inclusions in the axial and 
circumferential sections were recorded, but some of them showed more than one type of 
damage, and were therefore classified in more than one damage category. The total 
number of analysed inclusions, both inclusions initiated damage and inclusions not initiated 
damage, was therefore 208. It was found that almost 60% of the debonded inclusions also 
exhibited one or more of the other three types of sub-surface initiated damage, namely 
cracked inclusions, micro-cracks initiated from inclusion and butterflies. For the micro-
cracks initiated by inclusion, 52% of them were debonded inclusions. Also, for the 
butterflies, 80% of the inclusions were debonded. Moreover, almost all the cracked 
inclusions were debonded inclusions. For the cracked inclusions, 21% of the inclusions 
initiated micro-cracks and 50% of the inclusions resulted in butterflies. These statistics 
highlights the role of inclusion debonding in sub-surface damage initiation.  
The characteristics of each catalogued inclusion included: length, width, inclination angle 
and depth from the surface. The measurements were made according to the definition 
given in Figure 5. The first observation was that inclusions initiated damage were bigger in 
size, length and width than that the inclusions not initiated damage. In Figure 14, the 
characterization of micro-cracks initiated by inclusion and butterflies are presented 
separately in order to investigate the characteristics of the inclusions that initiated them.  In 
Figure 14 (b), the definitions of right and left wings relative to the ORD are shown in Figure 5 
which are also applied to the left and right cracks in Figure 14 (a). The common observations 
from the length of micro-cracks and butterfly wings initiated from inclusions were: a) They 
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were longer in the axial sections than that in the circumferential sections. b) In the axial 
sections, their length on both right and left sides were almost the same, while for the 
circumferential sections the length of micro-cracks was slightly longer on the right hand side 
than on the left hand side. 
 
Fig 14: Characterizations of subsurface damage (a) micro-cracks initiated by inclusions with their 
ŝŶŝƚŝĂƚŝŶŐŝŶĐůƵƐŝŽŶƐ ?ď ?ďƵƚƚĞƌĨůŝĞƐ ?ǁŝŶŐƐǁŝƚŚƚŚĞŝƌŝŶŝƚŝĂƚŝŶŐŝŶĐůƵƐŝŽŶƐ (the number above each 
characteristic feature refers to the average value) 
a  
b  
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One of the main differences observed was that the butterfly wings were longer than micro-
cracks in both of the circumferential and axial sections. The most recognisable feature 
regarding the angles of the micro-cracks and butterfly wings as shown in Figures 14, was the 
positive and bigger angle of the butterfly wings on the right side in the circumferential 
sections. This may be compared with micro-cracks on the same side, and sectioning 
direction which had shallow angles varied between positive and negative values. The small 
average angles of the micro-cracks in axial and circumferential sections were due to the fact 
that the angle values varied between positive and negative values at almost the same 
absolute value. However, the range of angles for the micro-cracks and butterfly wings was 
ůŽǁĞƌƚŚĂŶ ? ?ȗĂŶĚƚŚŝƐwas the angle for the maximum principal shear stress ߬ଵሺ௠௔௫ሻ. The 
angle and depth of ߬ଵሺ௠௔௫ሻ can be changed due to the effects of surface traction, which 
could be the reason for the observations of the angles for the butterflies and the cracks in 
Figure 14. The effects of inclusion depth and the relationships with the load on the surface 
will be discussed further in Section 6. 
No clear relationship could be found between the size of the inclusions and the length of 
butterfly wings or micro-cracks initiated from inclusions. However, it was found that the 
total length of the inclusions and their associated cracks or butterfly wings showed a clear 
and direct relationship with inclusion length regardless of their depth as shown in Figures 15 
(a) to (d), where the length of butterfly wings and micro-cracks on both the left and right 
side of the inclusions were measured. Accordingly, if the inclusion was considered as a 
weakening point of similar effect as a sub-surface micro-crack, the trend lines shown in 
Figures 15 (a) to (d) demonstrated that greater damage were created from bigger inclusions. 
These results, specifically those in Figures 15 (a) and (b), are in agreement with the 
expectation stated in the cleanliness standards such as ASTM E2283 [33] that the biggest 
inclusion is the most important for damage initiation. In the same context, Murakami 
derived relationships to describe the effect of inclusion size (ξܣݎ݁ܽ), on the fatigue limit of 
bearing steel, based on the assumption that a non-metallic inclusion acted like an initial 
crack length [34]. Although the number of butterflies found was less than that of the micro-
cracks propagated from inclusions, the trend lines for the butterflies in Figure 15 (c) and (d) 
were similar to that of the micro-cracks in Figure 15 (a) and (b). Accordingly, the inclusion 
size affects butterflies and micro-cracks initiated from inclusions in the same way. Figures 15 
(e) to (h) show that no consistent relationships can be recognized between the depth of 
butterflies or micro-cracks and the size of the initiating inclusions. Although Figure 15 (h) 
shows that inclusions causing butterflies are bigger when they are closer to the contact 
surface, the confidence in this trend is relatively low as can be seen from the R
2
 value.   
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Fig 15: Inclusion length vs total length with the depth of inclusions: (a) and (e) cracks initiated from 
inclusions in circumferential sections; (b) and (f) cracks initiated from inclusions in axial sections; 
(c) and (g) butterflies in circumferential sections; (d) and (h) butterflies in axial sections. 
a   e 
b    f 
 c    g 
d    h 
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6 Discussion of Surface Traction Effect on Sub-surface Initiated Damage  
The sub-surface stress distribution, which, along with the stress risers (inclusions and voids) 
could be determinate in the initiation of sub-surface damage. For a rolling contact, the 
Hertzian contact pressure was used to calculate the sub-surface principal shear stress 
distribution ߬ଵ according to the solutions of McEwen [35][36].  
The load history of the examined bearing is unknown. However, the recommended 
maximum contact pressure pmax for a wind turbine planetary bearing  is 1500 MPa  
according to the standards BS EN 61400-4:2013 [37] or IEC 61400-4  [38] and this was 
assumed in the  sub-surface stress calculations. Since the bearing had failed prematurely, an 
even greater value for the pmax could be expected. Calculations were also made on the sub-
surface stress distribution at higher contact pressure up to 2100 MPa. The depth of the 
maximum sub-surface shear stress ߬ଵሺ௠௔௫ሻ under pmax=1500 MPa was found to be 370 µm, 
which becomes deeper if under higher contact pressure. Figure 16 was created to show the 
percentage and frequency, of micro-cracks observed at each bin size of 50 µm of depth in 
this histogram. This figure shows that the occurrence of micro-cracks initiated from 
inclusion at a range of dominant depths, which is closer to the surface than the depth of ߬ଵሺ௠௔௫ሻ at various levels of contact pressure of 1500, 1700, 1800 and 2100 MPa. It is known 
that the location of the shear stress will be shifted towards the surface when surface 
traction occurs. If the maximum shear stress is considered to be the trigger for sub-surface 
damage, Figure 16 shows the observed damage initiated from inclusions at shallower depths 
that may have been affected by the occurrence of high surface traction. Under high surface 
traction, the location of ߬ଵሺ௠௔௫ሻ is shifted to the edge of the contact width and the value 
could be higher than that at the centre of the contact. The effect of surface traction could 
also be observed through the angles of the cracks and butterflies shown in Figure 14 which 
are not in line with the 45° of ߬ଵሺ௠௔௫ሻ under the centre of the contact when without surface 
traction. The additional stress due to surface traction or tensile stress, due to bearing seat 
waviness [17], could increase the stress concentration around the debonded inclusions and 
cause the WEA and WECs. 
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Fig 16: Depth of micro-cracks in axial and circumferential sections compared with the depth of 
sub-surface maximum shear stress ࣎૚ሺ࢓ࢇ࢞ሻ at various levels of contact pressure 
Another investigation was conducted to determine the depth of the sub-surface material 
that was most affected by the surface loading. The sub-surface hardness variation was 
measured by the method described in Section 2. The variation in hardness could reflect 
hardening due to a higher load exceeding the material yield limit, and this could also be an 
indication for the location of sub-surface initiated damage. Measurements of this were 
carried out on a sample from the transfer region between the loaded and unloaded zones of 
the failed bearing, as shown in Figure 2. The average values and the standard deviation from 
three measurements at each depth are shown in Figure 17. In this figure, the loaded zone 
was under the raceway surface showing damage, and the unloaded zone was under the 
raceway surface that did not show damage, but was at the entrance to the loaded zone. 
Although both curves showed high hardness closer to the surface, the hardness for the 
loaded zone was higher at this depth close to the surface. If there was no surface traction 
the maximum hardness would be expected to be located around the depth of ߬ଵሺ௠௔௫ሻ which 
is 370 µm at 1500 MPa. Accordingly, this measurement could be another indication for the 
occurrence of surface traction because the maximum hardness measured was at the 
subsurface depth of less than 200 µm.  
 
21 
 
 
Fig 17: Hardness variation with depth for the examined bearing 
 
Conclusions 
The focus of this study was to identify and analyse the inclusions initiated damage. The 
types of inclusions initiated damage were identified, including debonded inclusions, cracked 
inclusions, inclusion initiated micro-cracks, and Butterfly inclusions. The number of 
examined inclusions was 153 with some of them classified as more than one damage 
category. Accordingly, the total number of catalogued inclusions analysed was 208 which 
included both inclusions initiated damage and not initiated damage. The findings of this 
study are summarised as below. 
1. Debondings between the WEAs and inclusion tips were observed in most of the 
butterflies found. Almost 60% of the debonded inclusions had cracks, initiated 
micro-cracks or formed butterflies. 52% of the inclusions that initiated micro-cracks 
were also deboned and 80% of the inclusions that formed butterflies were also 
debonded. Furthermore, almost all the cracked inclusions were also debonded. For 
the cracked inclusions, 21% of them initiated micro-cracks and 50% of them resulted 
in butterflies. These statistics highlighted the importance of debonded inclusion in 
sub-surface damage initiation.   
2. The WEA in butterfly wings was found to be not as dense as the steel matrix 
according to the AFM scanning and looked like a damaged (discontinuous) material 
with lower hardness at the interface with the steel matrix. The observed damage 
topography could imply the occurrence of tensile or shear stress at the debonding 
gap between an inclusion and the steel matrix.   
3. It was found that the total length of inclusion and butterflies or micro-cracks was 
directly proportional to the length of inclusions. Thus, a bigger inclusion was more 
detrimental to the lifetime of the bearings. Butterfly wings were found to be longer 
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and inclined with a higher angle than micro-cracks initiated by inclusions. Both 
butterfly wings and micro-cracks were longer in the axial direction.  
4. By comparing the depth and inclination angle of the butterflies and the micro-cracks 
initiated from inclusions with the depth and angle of ߬ଵሺ௠௔௫ሻ calculated it revealed 
that high surface traction may have occurred. This conclusion was also supported by 
the measurement of subsurface hardness and the location of maximum hardness 
comparing to the depth of ߬ଵሺ௠௔௫ሻ. 
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Highlights 
x Investigation of bearing subsurface damage initiation at non-metallic inclusion by the Atomic 
Force Microscopy and Nano-indentation hardness measurement. 
x Debonding of non-metallic inclusions from the steel matrix caused the majority of 
subsurface damage including micro-cracks initiated by inclusions, WEA and inclusion internal 
cracking. 
x A direct relationship was found between the size of inclusion and the total length of 
inclusion and butterfly wings or micro-cracks. 
x Surface traction could be an important contribution to the subsurface damage initiation of 
the failed bearing. 
 
